Benzene and polycyclic aromatic hydrocarbons (PAHs) are toxic air pollutants that have long been associated with motor vehicle emissions, though the importance of such emissions has never been quantified over an extended domain using a chemical transport model. Herein we present the first application of such a model (GEM-MACH-PAH) to examine the contribution of motor vehicles to benzene and PAHs in ambient air. We have applied the model over a region that is centered on Toronto, Canada, and includes much of southern Ontario and the northeastern United States. The resolution (2.5 km) was 5 the highest ever employed by a model for these compounds in North America, and the model domain was the largest at this resolution in the world to date. Using paired model simulations that were run with vehicle emissions turned on and off (while all other emissions were left on), we estimated the absolute and relative contributions of motor vehicles to ambient pollutant concentrations. Our results provide estimates of motor vehicle contributions that are realistic as a result of the inclusion of atmospheric processing, whereas assessing changes in benzene and PAH emissions alone would neglect effects caused by 10 shifts in atmospheric oxidation and particle/gas partitioning. A secondary benefit of our scenario approach is in its utility in representing a fleet of zero emission vehicles (ZEV), whose adoption is being encouraged in a variety of jurisdictions. Our simulations predicted domain-average on-road vehicle contributions to benzene and PAH concentrations of 4-21% and 14-24% in the spring-summer and fall-winter periods, respectively, depending on the aromatic compound. Contributions to PAH concentrations up to 50% were predicted for the Greater Toronto Area, with a domain maximum of 91%. Such contributions 15 are substantially higher than those reported in national emissions inventories, and they also differ from inventory estimates at the sub-national scale because those do not account for the physico-chemical processing that alters pollutant concentrations in the atmosphere. The removal of on-road vehicle emissions generally led to decreases in benzene and PAH concentrations during both periods that were studied, though atmospheric processing (such as chemical reactions and changes to gas/particle partitioning) contributed to non-linear behaviour at some locations or times of year. Such results demonstrate the added value 20 associated with regional air quality modelling relative to examinations of emissions inventories alone. We also found that removing on-road vehicle emissions reduced spring-summertime surface O 3 volume mixing ratios and fall-wintertime PM 10 concentrations each by ∼10% in the model domain, providing further air quality benefits. Toxic equivalents contributed by vehicle emissions of PAHs were found to be substantial (20-60% depending on location), and this finding is particularly 1 https://doi.
Ratios of modelled to measured concentrations were close to unity for the lowest molecular weight compounds in springsummer, and increased modestly in the fall-winter and with increasing molecular weight. Modelled concentrations were found to be statistically unbiased relative to measurements (paired t-test with t < 1, p > 0.01) for all compounds and seasons except for BaP in fall-winter (Whaley et al., 2018b) , which was biased high. Model output for the latter compound and season combination was therefore excluded from this study. GEM-MACH-PAH's particle/gas partitioning parametrization was evaluated at six IADN stations and the results showed a 140 substantial improvement over the previous AURAMS-PAH partitioning (Galarneau et al., 2014) due to an empirically-based update in partitioning parameters (Whaley et al., 2018b) .
The good overall performance (Whaley et al., 2018b) of GEM-MACH-PAH demonstrates its validity for calculating ambient concentrations and for assessing source contributions at its evaluated resolution (2.5 km grid size and seasonal time scale).
Results
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Spatial distributions of modelled concentrations and vehicle contributions were similar for BENZ and the seven PAHs. As a result, we focus on a few representative species in this section, and show results for the remaining species in the Supplement.
Benzene and PAH concentrations from the base case
Modelled "base" case (all emissions activated) average airborne concentrations of BENZ, PHEN, PYR and BaP are shown in Figure 2 for the spring-summer and Figure S.2(a) for the fall-winter. The three PAH compounds exhibit a range of volatilities. 150 PHEN and BaP are found predominantly in the gas and particle phases, respectively, whereas PYR, with a mid-range volatility, is typically found in both. The spatial distribution of concentrations is similar to the distribution of human population shown in Figure 1 as expected from the prevalence of anthropogenic sources in the study area.
Modelled concentrations for BENZ and PAHs are higher in fall-winter than in spring-summer (Whaley et al., 2018b) due to lower fall-winter temperatures and solar radiation. These factors lead to to reduced photochemical degradation and increased 155 vertical stability, which in turn induce less vertical mixing and dilution, and lower boundary layer heights. Thus, ambient concentrations are higher per unit emission in fall-winter than in spring-summer. Additionally, total emissions for PAHs are higher in fall-winter than in spring-summer (Figure S.3a) due to increased on-road vehicle emissions (e.g., cold starts) and combined area/off-road mobile sources (e.g., heating, snowmobiling). Note that different rates of PAH oxidation in the different seasons are expected to lead to different rates of production of secondary products such as oxy-and nitro-PAHs. These secondary 160 products are not yet included in GEM-MACH-PAH due to uncertainties in their sources and properties, but they are under consideration for future addition to the modelling package given that some of these compounds are more toxic than their parent PAHs. winter, respectively, as represented by the absolute differences in concentrations between the "base" and "no mobile" cases.
Absolute on-road vehicle contributions
Concentrations in the "no mobile" case are significantly lower than those for the "base" case as expected from the lack of on-road vehicle emissions.
Major cities are prominent in Figure 3 for all species as expected given high urban traffic volumes. In the Greater Toronto These cross-border differences arise in part because of differences in the spatial surrogates mentioned above and the different emissions inventories (see Section 2.2 and Supplement, Section IV). Furthermore, the cities in the U.S. portion of the study region have populations that are larger on average than the cities in the Canadian portion, and concentrations of PAHs have 180 been shown to increase in direct proportion to human population (Hafner et al., 2005) .
However, there are some geographically-limited exceptions where the removal of on-road vehicle emissions causes PAH concentrations increase slightly (areas with negative values in Figure 3 ): in the spring-summer there are small concentration increases in the northeastern portion of New York State and along the border between Virginia and West Virginia. These apparent anomalies are located where base PAH concentrations are already relatively low, and are consistent with the impacts 185 on oxidant chemistry discussed below, and in the supplement (Section V). In fall-winter, PAH increases in the "no mobile" Table 1 ). Domain means, however, were higher in the fall-winter than in the spring-summer ( Figure 5 , and Table 1 ). The highest relative on-road vehicle contributions were observed in or near small cities such as North Bay, Ontario; Columbus and Toledo, Ohio; and Grand Rapids, Michigan,
where major highways are found in areas of otherwise low ambient concentrations.
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In the spring-summertime, domain-mean on-road vehicle contributions to ambient BENZ in the GTA were on the order of 14-37%, consistent with, though slightly lower than previously reported values (Stroud et al., 2016) due to the latter study including off-road mobile sources in their "mobile" category. PAH contributions in the GTA ranged from 5-50% depending on species, season, and proximity to major highways. Even greater contributions were seen in other Canadian cities, thus, our results suggest that fewer and/or less extreme exceedances of provincial BENZ and PAH guidelines could be achieved by chemical processing that occurs in the atmosphere. Such processing varies with time of year and levels of vehicle co-pollutants as described below.
Seasons' impact on on-road vehicle contributions to benzene and PAHs
Though PAH emissions from on-road vehicles are higher in fall-winter than in spring-summer ( Figure S.3a) , the relative 225 contribution of on-road vehicles to total emissions is stable among seasons (viz., domain-average differences between fallwinter and spring-summer emission contributions from on-road vehicles are -0.6% and range from -1.8% to +2.7% for species reported for both time periods; see Figure S .3b).
In contrast, relative on-road vehicle contributions to ambient concentrations differ more between seasons than do their emissions, with differences of +3% to +10%, respectively between fall-winter and spring-summer ( Figure 5 ). This suggests On-road mobile source contributions to domain-averaged PM were 7% in spring-summer and 10% in fall-winter ( Figure 5 and S.9e and f), lower than those for total (gaseous + particulate) PAHs. This suggests that PAH PFs might rise, that is, a greater relative amount of the PAH might partition to the particulate phase, if on-road mobile source emissions were reduced because relatively more PM would be available per unit mass of remaining PAH. However, decreases in PAH PFs were observed in the 270 "no mobile" case ( Figure 6b, d-f ). This was due to the nature of partitioning, which is specific to PM speciation. Elemental carbon (EC) is the prime sorbent for PAHs in the particle/gas partitioning parameterization in the model (Dachs and Eisenreich, 2000) . The on-road vehicle contributions of EC averaged 26.5% of total EC mass in both seasons ( Figures 5 and S.9g and   h ). Relative to the "base" case, EC in the "no mobile" case was thus reduced to a greater extent than PAH due to the high EC fraction of PM emissions from motor vehicles. This in turn, resulted in the particle/gas partitioning equilibrium being 275 shifted toward the gas phase since less EC mass was available to sorb the remaining PAH. Shifts in particle/gas equilibrium in turn affect removal processes such as deposition and degradation, whose mechanisms differ for gaseous and particulate compounds (Bidleman and Foreman, 1987) . Further analysis of the differences in PAH lifetimes that arise from a shift in particle/gas partitioning is beyond the scope of this paper, but it should be kept in mind for future analyses, particularly those that incorporate considerations of transboundary or long-range transport. 
Sensitivity Considerations
The results described thus far have shown that on-road vehicle emissions contribute substantially to benzene and PAHs in ambient air at a variety of locations in our study area. Differences between seasonal vehicle contributions have been examined with respect to the atmospheric processing that transforms toxic pollutants after they have been emitted to the air. Potential sensitivities of our model results to the uncertainties in emissions and atmospheric chemistry are explored in this section, and 285 are described in more detail in the Supplement (Section V).
We expect that the largest contribution to uncertainty in our results to be associated with the PAH mobile emissions. The onroad vehicle EFs for PAHs that underlay this study's inventory were taken from MOVES2014b (EPA, 2014). These factors were determined from two U.S. reports that examined gasoline and diesel emissions separately (Kishan et al., 2008; Khalek et al., 2009 ). We carried out four sensitivity simulations with GEM-MACH-PAH with the BENZ and PAH emissions from on-road 290 vehicles scaled by factors of 0.5 and 2 in both seasons. This range corresponds approximately to the 25th and 75th percentiles of the range of EFs reported in the recent peer-reviewed literature (Whaley et al., 2018b) . The model responded consistently to on-road vehicle emission scaling with average changes to the vehicle contribution amount of -5 to -10% and +20 to +30%, depending on species, for halved and doubled vehicle emissions, respectively (Table 1 vs 2). This finding suggests that the relative importance of vehicle contributions when different EFs are used remains consistent with our current results across a 295 broad range of emissions levels. This topic is described in more detail in the Supplement (Section V).
Whereas the effects of emissions perturbations are straightforward to evaluate, uncertainties that arise from atmospheric chemistry are complex to assess because they result from secondary formation processes for atmospheric oxidants. 
Human Health Implications
The removal of on-road vehicle emissions would lead not only to reductions in ambient benzene and PAH concentrations (as well as in other pollutants), as demonstrated by our model results, but also to reductions in human exposure. Proximity 310 to roadways and traffic has been linked to elevated exposure outdoors, and this has led to particular concerns for commuters (Miao et al., 2015; Yan et al., 2015; Tan et al., 2017; Lovett et al., 2018; Miri et al., 2018) . Further inhalation exposure to traffic pollutants occurs in indoor environments, where infiltration of outdoor air can contribute a substantial proportion of benzene and PAH exposure (Naumova et al., 2002; Xu et al., 2016) , adding to concerns about residences, schools and workplaces that are situated near roadways.
315
PAH species vary in toxicity, and their mixture is often represented as a toxic equivalent concentration (TEQ) which is the sum of contributing compound concentrations that have been normalized by their carcinogenic potencies relative to BaP (Nisbet and LaGoy, 1992) . The percent reduction in TEQ when on-road vehicle emissions were removed (Figure 7) 
